Common bottlenose dolphins (Tursiops truncatus) use individually distinctive signature whistles which are highly stereotyped and function as contact calls. Here we investigate whether Indo-Pacific bottlenose dolphins (T. aduncus) use signature whistles. The frequency trace of whistle contours recorded from three genetically distinct free-ranging populations was extracted and sorted into whistle types of similar shape using automated categorization. A signature whistle identification method based on the temporal patterns in signature whistle sequences of T. truncatus was used to identify signature whistle types (SWTs). We then compared the degree of variability in SWTs for several whistle parameters to determine which parameters are likely to encode identity information. Additional recordings from two temporarily isolated T. aduncus made during natural entrapment events in 2008 and 2009 were analyzed for the occurrence of SWTs. All populations were found to produce SWTs; 34 SWTs were identified from recordings of free-ranging T. aduncus and one SWT was prevalent in each recording of the two temporarily isolated individuals. Of the parameters considered, mean frequency and maximum frequency were the least variable and therefore most likely to reflect identity information encoded in frequency modulation patterns. Our results suggest that signature whistles are commonly used by T. aduncus.
selective pressure for individual recognition (Wanker et al. 1998 , Jouventin et al. 1999 , Kazial et al. 2008 . Many odontocetes live in a fluid fission-fusion society (Connor 2002 , Markowitz et al. 2008 where individuals form temporary groups that frequently fuse into larger parties and split into smaller ones (Smolker et al. 1992 , Connor et al. 2000 . Nevertheless, throughout life, individual-specific social relationships are important (Tyack and Sayigh 1997) and stable associations form (Connor et al. 2000 , Wells 2003 , M€ oller et al. 2006 .
Maintenance of relationships within a constantly changing social environment is likely to require a system of individual recognition (Sayigh et al. 1999) . Options for transmitting identity information underwater are limited due to restricted visibility and a reduced sense of olfaction (Kishida et al. 2007 ). However, acoustic signals travel particularly well through water and most cetaceans are reliant on sound generation for orientation, foraging, and social interactions (Janik 2009 ). Thus it is the most likely channel in which to encode and transmit identity information.
Individual distinctiveness is enhanced when differences between individuals are large and variation within individuals is minimal (Boughman and Moss 2003) . Common bottlenose dolphins (Tursiops truncatus) use vocal production learning (reviewed in Janik and Slater 1997) during the development of their recognition call-the signature whistle, generating large degrees of interindividual distinctiveness (Janik 2009 ). Vocal learning refers to instances where the vocalizations themselves are modified as a result of experience with those of other individuals Slater 1997, Janik 2009 ). Individuals develop their signature whistles through experience with their acoustic environment (Miksis et al. 2002 , Fripp et al. 2005 , generating a unique whistle contour with high levels of individual distinctiveness which is independent of general voice features . Identity information is encoded in the distinct frequency contour of these learned stereotyped signature whistles . Each animal has only one signature whistle and its frequency modulation pattern remains stable over decades (Sayigh et al. 1990) , facilitating maintenance of long term associations and group cohesion within their fluid social structure (Scott et al. 1990, Janik and Slater 1998) . Signature whistles range between 1 and 27.3 kHz in frequency and last between 0.10 and 4.11 s (Buckstaff 2004 , Esch et al. 2009b . They can be produced as a single element, or as connected and disconnected multi-looped forms (Esch et al. 2009b) and they are often produced in bouts containing repetitions of the same whistle type (Janik et al. 2013) .
In separation contexts, signature whistles are the predominant whistle type produced by T. truncatus, comprising up to 100% of the whistles produced when animals are in isolation (Caldwell et al. 1990) . Individuals emit the same signature during brief capture-release contexts and when in undisturbed, freely interacting contexts, demonstrating that they are not artefacts of stressful circumstances (Cook et al. 2004) . Signature whistles play a key role in communication between groups (Quick and Janik 2012) and are likely to facilitate reunions in mother-calf pairs (Smolker et al. 1993) .
Signature whistles have been documented in over 143 captive T. truncatus as well as free-ranging animals (Caldwell et al. 1990; Sayigh et al. 1990 Sayigh et al. , 1999 Sayigh et al. , 2007 Janik and Slater 1998) . However, with the exception of bottlenose dolphins (Tursiops sp.) residing in Shark Bay, Australia (Smolker et al. 1993) , little attention has been paid to whether or not congeneric species use signature whistles. Furthermore, vocal production learning, the process by which signature whistles develop in T. truncatus (Sayigh et al. 1990 , Miksis et al. 2002 , Fripp et al. 2005 , has yet to be conclusively demonstrated in other bottlenose dolphin species. Confusion surrounding the taxo-nomic status of Tursiops over recent decades (e.g., Ross and Cockcroft 1990 , Wang et al. 1999 , Natoli et al. 2004 , Charlton-Robb et al. 2011 , combined with the challenging task of studying vocal communication in free-ranging animals, may partly explain why this topic has received little attention.
Key similarities in the social organization, behavior, and ecology of T. aduncus and the coastal form of T. truncatus, combined with their genetic relatedness suggest that T. aduncus may also use signature whistles. Coastal populations of both species are often small (less than 300 individuals) and resident, as demonstrated by the site fidelity of identifiable individuals (M€ oller and Harcourt 1998 , Wilson et al. 1999 , Kogi et al. 2004 , Stensland et al. 2006 , Currey et al. 2008 , but see Reisinger and Karczmarski 2010 . A fission-fusion social system is common to both species, with individuals of either sex having preferential associations (Connor et al. 2000; , 2006 Wiszniewski et al. 2009a) . Both have extended periods of maternal care, including several years with elevated rates of association between mothers and calves during lactation (Connor et al. 2000 , Kogi et al. 2004 ).
Here we study the temporal production of stereotyped whistles in wild T. aduncus and two temporarily isolated individuals to look for evidence of signature whistles in this species. Signature whistles in T. truncatus were discovered using the same methods (Caldwell and Caldwell 1965 , Caldwell et al. 1990 , Janik et al. 2013 . Therefore, repeated stereotyped whistle production by T. aduncus would be strong evidence for a similar signaling system.
Materials and Methods

Study Populations
Acoustic recordings of T. aduncus were collected from three wild, free-ranging populations inhabiting the coastal waters of Plettenberg Bay, South Africa (34º1 0 S, 23º25 0 E), Mikura Island, Japan (33º52 0 N, 139º36 0 E), and Jervis Bay, southeast Australia (35º07 0 S, 150º42 0 E) and from two temporarily isolated females in Prospect Lake, Ballina, eastern Australia (28º50 0 52 00 S, 153º34 0 49 00 E) (details of data collection are given in Table 1 ). Molecular analysis has confirmed the status of each population as T. aduncus , Kakuda et al. 2002 , Natoli et al. 2004 , Wiszniewski et al. 2009b ) with significant levels of genetic differentiation apparent between populations (Wiszniewski et al. 2009b , Gridley 2011 . Acoustic data were collected during focal follows (Altmann 1974 ) of groups of dolphins, from Plettenberg Bay, Mikura Island, and Jervis Bay. Samples from Prospect Lake, Ballina, were made opportunistically in 2008 and 2009 during a rescue event where relocation of two different mother and calf groups was required after the dolphins became entrapped in the man-made lake. During both of these rescue events, the mother-calf pairs became separated. In addition to the neonate calf in 2009, a subadult female was also temporarily captured in the lake and relocated. Recordings analyzed in this paper from these rescue events only include the periods where the mothers were freely swimming in the lake while separated from the calves and the subadult in 2009. During separation, the calves and the subadult were restrained in slings held by rescuers with the dorsal surfaces held above the water. In previous studies of T. truncatus, this kind of situation elicited high rates of signature whistle production (Sayigh et al. 1990 (Sayigh et al. , 2007 . Each adult female had ventral speckling which is common in adults of T. aduncus but not T. truncatus (Hale et al. 2000 , Amir et al. 2005 ) and could be individually identified using photo-identification of dorsal fin markings (W€ ursig and W€ ursig 1977) . Both were known long term (for >5 yr prior to entrapment) residents in a population of T. aduncus that used the coastal waters (≤6 km from the coast) and estuaries in the Ballina area (Hawkins and Gartside 2008) .
Acoustic Analyses
Acoustic analyses focused on the identification of repeated stereotyped whistles as found in free-ranging (Janik et al. 2013) or isolated Caldwell 1965, Sayigh et al. 2007 ) T. truncatus. For this, we categorized whistles into types and looked for either a bout delivery pattern as found in free-ranging T. truncatus (Janik et al. 2013) or an individually-specific whistle type used almost exclusively by isolated individuals Caldwell 1965, Sayigh et al. 2007 ).
We use the term "contour" to describe a narrow band tonal signal with at least part of the fundamental frequency above 3 kHz. This distinguishes contours from other narrowband sounds produced by bottlenose dolphins (van der Woude 2009, Simard et al. 2012) . Only contours longer than 0.1 s were used in this analysis (Lilly and Miller 1961, Janik et al. 2013) and harmonics other than the fundamental were not considered. A whistle is defined as a unit of one continuous contour (either single element or connected multiloop whistle) or two or more repeated contours separated by a period of silence less than 0.25 s in duration (disconnected multiloop whistle) (Esch et al. 2009b) . Dolphins may also produce signature whistles as two or more disconnected loops without a repeated loop structure (Esch et al. 2009b) . To be considered as one whistle unit these loops have to occur in the same sequence within 0.25 s of each other at least 80% of the time. The term "whistle type" is used to describe all whistles of a particular frequency modulation pattern as determined by automated categorization (see below). The term signature whistle type (SWT) is used to describe whistle types that showed individual distinctiveness in isolated animals Caldwell 1965, Sayigh et al. 2007) or the temporal delivery pattern used by T. truncatus whereby signature whistles are produced in sequences separated by interwhistle intervals (IWIs) of 1-10 s (Janik et al. 2013) .
Signature whistles are often produced in repetitions of the same whistle type and in a single encounter the same SWTs may be repeated many times with few other whistles recorded at the same time. To maximize the chances of sampling whistles from different free-ranging individuals we subsampled the acoustic data from Plettenberg Bay and Jervis Bay. Files were divided into short recording sections and analysis initiated from the first high quality (quality 2 or 3, see below) contour following a random start point. Only sections containing five or more extractable contours were used and the average section length was 5 min 34 s (AE SD 4 min 41 s). This approach ensured that a similar sample size was used across populations and prevented single recordings from being over sampled thereby reducing the likelihood that the same stereotyped whistles were extracted many times. This was not necessary for Mikura as all recordings from this population were short (under 10 min in duration) or Ballina as we used all available recordings of isolated individuals (see below).
Categorization and SIGID
In the first step, contours were extracted as a series of frequency measurements at 5 ms intervals along the fundamental frequency. For this, contours from recordings of free-ranging T. aduncus were first visualized in the spectrogram display of Adobe 516 Audition v2.0 (Hanning window, FFT size 512). Each was visually assessed and graded based on the signal-to-noise ratio (SNR) (1: signal is faint and barely visible on the spectrogram, 2: signal is clear and unambiguous, 3: signal is prominent and dominates). Extractable contours were those graded as 2 or 3, had a clear overall shape, were unmasked and not cut off by the frequency bandwidth of the recording system. The fundamental frequency of each contour was automatically extracted in MATLAB V 6.5.1 using a supervised peak function which detects and traces the peak frequency of contours within a user defined area (display settings: FFT size 2048, 512 frame length, 87.5% overlap and a Hanning window) (Deecke and Janik 2006) . The user could then edit the extracted contour to best fit the underlying contour in cases of simultaneous echolocation clicks, whistles or other sources of noise. Extracted contours were saved as a series of frequency points at 5 ms time resolution.
Signature whistle types were identified in each free-ranging population through contour categorization and bout analysis (SIGID, Janik et al. 2013, see below for details). Extracted contours were classified into categories using ARTwarp (Deecke and Janik 2006) , an unsupervised neural network algorithm which incorporates dynamic time warping (Buck and Tyack 1993) . There are two key parameters which can be adjusted to fine tune the categorization process: the warping function and the vigilance parameter (hereafter VP). Dynamic time warping allows the input contour to be "sped up" or "slowed down" in parts by a factor, termed the warping function. The VP is the level of similarity which an input contour must have with the reference contour after dynamic time warping to be classified in this category (Deecke and Janik 2006) . A set of reference contours, which represent each category, are created during categorization. If the input contour does not match any of the reference contours by an amount greater than the VP then it becomes a reference contour for a new category. Following Janik et al. (2013) each recording section was categorized separately using a VP of 91% and warping function of 3 (therefore any two contours whose length differs by a factor of 3 or more are given a similarity rating of zero). The maximum number of iterations for each contour running through the ARTwarp neural network before final categorization was capped at 200, the learning rate of the neural network was 0.1 and the maximum number of categories was set to the total number of contours categorized per recording (see Deecke and Janik 2006 for further details). According to these settings, each contour could theoretically be placed into its own unique category.
Following categorization, the intercontour intervals (ICIs) of all extracted contours within the same category were calculated as the time from the contour start point to the end of the preceding contour and from the contour end point to the start of the following contour. If a contour overlapped the preceding contour in the same category, the overlapping contour was removed from consideration and the ICIs recalculated. Contours that were categorized together and separated by a period of silence up to 0.25 s or contours which occurred in the same sequence within 0.25 s of each other at least 80% of the time were classified as disconnected multilooped whistles. Repeatedly emitted whistles were those where the IWI to the preceding or following whistle was between 1 and 10 s of another in the same category (Janik et al. 2013) , using the start time of the first loop and end time of the last loop in disconnected multilooped whistles. Janik et al. (2013) looked at whistle types containing four or more whistles and calculated the proportion of whistles repeated within 1-10 s of each other. They found that if the proportion of whistles occurring within 1-10 s of another of the same type was 75% or higher, it was a signature whistle. They termed this approach to identifying signature whistles SIGID. As it is the temporal production of whistles that underlies whether a whistle is likely to be a signature whistle, this criteria can also be applied on a whistle by whistle basis (Janik et al. 2013 ) by searching recordings for series of whistles of the same type produced within 1-10 s (Quick and Janik 2012). We followed this approach to identify SWTs from recordings of T. aduncus by analyzing the repeated whistle types for sequences of whistles produced within 1-10 s. As we are applying this to a different species we used a more stringent criterion than suggested by Janik et al. (2013) in that we only considered whistle types containing five or more whistles from the same recording section. Therefore, for any whistle type there must be at least one point in time where whistles are produced in a sequence with a minimum of four out of five whistles produced within 1-10 s. If a whistle type fulfilled these criteria it was considered to be a SWT. Contours from categories that did not meet these criteria were classified as nonSWTs (NSWT).
Finally cross-comparison of SWTs was conducted to determine whether the same SWT was present in more than one recording section. This was necessary because two or more recording sections could be analyzed from the same encounter with the same individuals present and also because signature whistles remain stable for time periods spanning decades (Sayigh et al. 1990 ). The reference contours of SWTs from different recording sections were run through ARTwarp at a warping function of two, and VP of 91%. A lower warping function was used here, since average contours of the same signature whistle in different encounters should not differ by much in their contour. If the reference contours grouped together, the composing whistles were grouped together and counted as one unique SWT.
Variability in Signature Whistle Type Parameters from Free-ranging T. aduncus
Certain whistle parameters may be more likely to encode identity information than others. We investigated the variation in SWT parameters for each population by calculating the coefficient of variation [CV = 100 9 (standard deviation/mean)] for each whistle type and generating an average (CVi) of these for the following seven standard whistle parameters (following those outlined by Oswald et al. 2003 , Morisaka et al. 2005b ; start, end, minimum and maximum frequency, the frequency range, mean frequency (average of all the frequency points at 5 ms resolution making up the contour), and duration (s). The frequency and duration parameters were automatically measured from extracted whistles using purpose written MATLAB script.
Recordings of Isolated T. aduncus from Ballina, eastern Australia
All available contours from the recordings of two entrapped isolated T. aduncus were independently visually categorized by three experienced judges (the authors: TG, VMJ, and EH) for the occurrence of whistle types. Whistle contours from a subsection of each recording were extracted (n = 10) and automatically categorized in ARTwarp using the same settings as described above and with a warping function of three.
Results
Signature whistle types were identified in all free-ranging populations as well as recordings of the two temporarily isolated individuals.
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Signature Whistle Types in Free-ranging T. aduncus
In total, more than 17 h of acoustic recordings of free-ranging T. aduncus were considered for analysis. After subsampling, over 3,652 contours were identified, of which 1% were cut off by the frequency bandwidth of the recording system. In total 1,634 contours were extracted from 61 recording sections (4 hr 25 min) made over >26 d (Table 2) . Of these, 818 contours (50%) were identified as either a continuous SWT or a constituent loop of a disconnected SWT, 805 (49%) were classified as NSWTs and 11 (1%) overlapped another contour in the same category and were removed from analysis. In total, 34 SWTs were identified. This included 12 from Plettenberg Bay, 12 from Mikura Island, and 10 from Jervis Bay (see Fig. 1 for examples). Of these 34 SWTs, 15 were identified in two or more recording sections.
Variability in Signature Whistle Type Parameters
The number of whistles in each SWT ranged between 5 and 77, with mean values of 14 (AE SD 10.7), 24 (AE SD 22.9), and 26 (AE SD 21.9) whistles per SWT for Plettenberg Bay, Mikura Island, and Jervis Bay, respectively. The variation in SWT parameters was lowest for mean frequency and maximum frequency (range CVi = 6.3-8.2 and 6.4-11.2, respectively) and generally high for frequency range and duration (range CVi = 20.0-30.3 and 15.9-35.8, respectively), although there was population variation in this (Fig. 2) .
Signature Whistle Types in Isolated T. aduncus from Ballina, eastern Australia
The contours from 1 hr 26 min of recording from two isolated T. aduncus were visually categorized (12 min from animal a, 1 hr 14 min from animal b). On each occasion a single stereotyped whistle type was prevalent and produced repeatedly, comprising 100% (n = 395) and 87% (n = 368) of the whistles from recordings of animal a and b respectively (Fig. 3) . The extracted whistle contours from each subsection were categorized together by ARTwarp with a high similarity rating (97%-99%). Stereotyped whistles were produced in bouts containing sequences of five or more whistles produced at IWIs of 1-10 s, i.e., both whistle a and b were SWTs. The Table 2 . Summary of acoustic data used to identify signature whistle types (SWTs). Only recording sections containing five or more extracted contours were included in this analysis. To remove replicates, SWTs were finalized after cross comparison of reference contours between recording sections using ARTwarp categorization with a warping function of 2. The number of recording days in Jervis Bay is a minimum as recordings from several days were occasionally stored on the same Digital Audio Tape (DAT).
context at the time of recording (isolation and separation from calf), the stereotyped call nature and the temporal pattern of whistle production, which mirrors that of T. truncatus, shows that these are signature whistles. 520 MARINE MAMMAL SCIENCE, VOL. 30, NO. 2, 2014 Discussion This study has demonstrated clear stereotyped categories in the whistle repertoires of T. aduncus and provides evidence that this species is using signature whistles. In total, 34 SWTs were identified in recordings from three geographically separated and genetically distinct populations of free-ranging T. aduncus and a further two SWTs were identified from recordings of known isolated individuals. The identification of SWTs in recordings of both freely-ranging and isolated T. aduncus from several populations provides good evidence that these call types have functional importance in the vocal repertoire of T. aduncus.
Previous studies have used temporary capture (Cook et al. 2004 , Watwood et al. 2005 , localization (Janik and Slater 1998) or tagging (Shapiro 2006) to assign signature calls to individuals. When captures are risky for animals, or when logistical and financial reasons do not allow for captures, reliable identification of signature whistles is challenging. While we cannot be certain that each SWT identified from the three free-ranging populations is produced by a different individual, the pattern and timing of contour occurrence (i.e., repeatedly emitted whistles produced at intervals of 1-10 s), mirrors that of T. truncatus producing individually distinctive signature whistles in freely interacting contexts (Janik et al. 2013 ) and thus provides evidence that each SWT was emitted by a different individual. Although dolphins can copy each other's signature whistles (Tyack 1986, Janik and Slater 1998) , in the wild matching is rare and mostly involves two animals each producing just one whistle (Janik 2000) . Therefore, whistle matching is unlikely to have influenced our results, particularly as we removed overlapping contours of the same type from the analysis. Considering what we know of signature whistle production in T. truncatus and how it varies with behavioral context (Cook et al. 2004 , Esch et al. 2009a , it is not surprising that signature whistles were recorded in the presence of individuals entrapped in Prospect Lake, Ballina, when mothers were separated from their calves and the subadult. The high proportion of SWTs produced (100% and 87%) is in accordance with the proportions of signature whistles reported by Caldwell et al. (1990) for isolated individuals. A second whistle type was apparent at the start of the recording of animal b in 2009. This may be the SWT of the subadult which was being stabilized in a sling at the start of this recording or perhaps a second whistle type produced by animal b, however, without acoustic localization it is not possible to be sure. Across the three free-ranging populations, the average number of contours categorized into SWTs by ARTwarp (50%) was comparable to the value of 52% of whistles identified by Cook et al. (2004) when investigating rates of signature whistle production by free-ranging T. truncatus. The predominance of SWTs in both isolated and free-ranging contexts demonstrates the importance of this category in the vocal repertoire of T. aduncus.
Frequency range and duration had comparatively high degrees of variation within SWTs (Fig. 2) . Signals used to express motivational state are likely to be highly variable (Falls 1982) and previous research has demonstrated that the number and duration of loops are affected by behavioral context (Esch et al. 2009a) . Maturation may also play a role, with older animals producing longer whistles (Caldwell et al. 1990) . Therefore it seems that whistle duration, which is often though not exclusively, a function of the number of repeated loops in a SWT (Caldwell et al. 1990 , Gridley 2011 , is a poor encoder of identity information in T. aduncus. Mean frequency was the least variable SWT parameter for all populations. This is not surprising considering that the main carrier of identity information in T. truncatus is the overall frequency modulation pattern of the whistle and as SWTs are stereotyped this would be well reflected by the mean frequency parameter.
In general, whistles of T. aduncus are shorter than T. truncatus (Gridley et al. 2012) and it is therefore possible that the signature whistles of T. aduncus are also shorter in duration. Of the SWTs identified from the free-ranging populations, five were relatively short in duration (around 0.25 s or less). These short whistles were mostly upsweeps and unlike the majority of SWT identified had similar frequency modulation patterns and frequency characteristics across populations. These short SWTs may be too simplistic in nature to accurately convey identity information and they may instead be chirps (short whistles less than 0.25 s in duration, Richards et al. 1984) which can also be produced in repeated emissions (Janik et al. 2013) . However, further investigation is necessary to determine the function of these short whistle types.
Additional research is required to understand the function of SWTs in T. aduncus and establish whether they fulfill the same role as signature whistles in T. truncatus. Tagging studies (Johnson and Tyack 2003) or temporary captures (Sayigh et al. 1999 ) would help to confirm individual variation in whistles. Detailed captive studies, particularly those in controlled conditions involving newborn calves would help to understand signature whistle ontogeny (Caldwell and Caldwell 1979) , signature whistle stability through time, and would be useful in determining whether T. aduncus are capable of vocal production learning.
Categorization in ARTwarp offers a fast and consistent way to divide repertoires and can be widely applied to help understand whistle communication in a range of species. Observations of stereotyped whistles in several delphinid species (Caldwell and Caldwell 1968 , Caldwell et al. 1973 , Van Parijs and Corkeron 2001 Figueiredo and Simao 2009) pose a case for a broader use of signature whistles which could be investigated using automated categorization in ARTwarp and the SIGID method.
